Graphene based Schottky junction solar cells on patterned silicon-pillar-array substrate 5, 6 Since graphene was first prepared by mechanical exfoliation from highly oriented pyrolytic graphite (HOPG), 1,2 large-area single-or few-layer graphene has been synthesized through chemical vapor deposition (CVD), 4, 7 solution processing, 8 epitaxy of SiC substrate, 9 etc., which made it especially feasible for graphene to be used as transparent electrodes, 4, 5, 8 display screens, 10 transistors, 11 and solar cells. 12, 13 Graphene/ silicon structure has been studied and shows diode characteristics as a Schottky junction. [14] [15] [16] [17] Using the Schottky effect between graphene and silicon, the graphene/silicon solar cell has been reported. 16, 17 The graphene/silicon Schottky junction solar cells show great potential in light harvesting and conversion application with the advantage of low cost, facile processibility, and environmental amity. Although the first reported energy conversion efficiency is only about 1.65%, 17 far below the requirements for practical application, the performance of such graphene/silicon Schottky junction solar cell could be improved through the optimization of graphene quality and device architecture. In this paper, we designed a patterned silicon substrate which could improve the cell performance of graphene/silicon Schottky junction. It is found that the patterned silicon-pillar-array (SiPA) substrate shows better anti-reflective effect in graphene/silicon Schottky solar cells. Meanwhile, the chemical doping effect of nitric acid (HNO 3 ) on graphene films was studied. It is expected that HNO 3 could enhance the conductivity as well as the work function of graphene. Therefore, the cell performances of graphene/ SiPA (G/SiPA) solar cells before and after HNO 3 treatment were also investigated. Finally, the application of the prepared G/SiPA solar cell used as a photodetector to drive a liquid crystal display (LCD) screen has been demonstrated.
SiO 2 (300 nm)/Si(n(100), 2-3 XÁcm) substrate was patterned to obtain 3 Â 3 mm 2 windows to define the illumination area of solar cell. Then photolithography and inductive couple plasma (ICP) etching were employed to fabricate the pillar array in the window area. The pillar height was controlled through the etching time. Ti(10 nm)/Au(50 nm) was evaporated around the window as front electrodes while Ti (10 nm)/ Pd (5 nm)/Au(30 nm) on the backside as back electrodes.
Graphene film was prepared by CVD method on copper foil, the detailed process could be referred to Ref. 17 . Then graphene film was transferred to the top of the SiPA substrate to form a G/SiPA solar cell.
The prepared SiPA substrates and the graphene on SiPA were observed by scanning electron microscopy (SEM, Hitachi, s-5500). The reflectance characteristics of SiPA substrates with different pillar height were measured by UV-Vis spectrometer (TU-1901). The photovoltaic properties of solar cells were characterized by a solar simulator (Newport 91195 class A), under air mass 1.5 (AM 1.5G) at an illumination intensity of 100 mW/cm 2 . Fig. 1(a) shows the top-view SEM image of prepared SiPA substrate, where the diameter of the silicon pillar is $2 lm. The current-voltage (I-V) curves in dark and under illumination of one typical solar cell are shown in Fig. 2(a) , with the conversion efficiency of 1.96%, higher than that of graphene/planar-Si solar cells ($1.65%). 17 The V oc is 464.9 mV, which is consistent with the results reported in other works. 14, 17 The I-V relation of Schottky junction can be described as Eq. (1)
where I s is the reverse saturation current, k is the Boltzmann constant, n is the ideality factor, and e is the electron charge, respectively. n can be approximately extracted from the measured curve by Eq. (2)
Through calculation, the estimated n is about 7.738. The J sc is 14.58 mA/cm 2 , about two folds of the graphene/planar-Si cells under the same test conditions in Ref. 17 . The improvement of G/SiPA solar cell is attributed to the reflective suppression effect brought about by the patterning of the substrate, which is, as a result, more advantageous for light absorption compared with its planar counterpart. Another possible reason is the increase of the junction area that is attributed to the contact of the graphene with the side walls of silicon pillars, as Fig. 1(b) indicates. HNO 3 was usually used for chemical doping of carbon nanotube 18, 19 and graphene. 20 HNO 3 treatment has a p-type doping effect and serves to modulate the work function of graphene, 21 which would both attenuate series resistance and enhance the built-in potential. The I-V curves with different HNO 3 treatment time are shown in Fig. 2(b) . The J sc V oc , fill factor (FF), and g as a function of HNO 3 increase with the treatment time before reaching a saturation state. After HNO 3 treatment for 100 s, the V oc , J sc , FF, and g are 487.47 mV, 16.03 mA/cm 2 , 0.45, and 3.55%, respectively. Our results demonstrate the p-type doping effect of HNO 3 treatment: the increase in V oc proves the increase of work function for graphene through HNO 3 doping; and the increase of the J sc reveals the decreased resistivity of the graphene film. Table I shows the cell performances of another three samples before and after HNO 3 treatment for 15 s, all of which have shown similar enhancement. A similar work of graphene/planar silicon Schottky junction doped by AuCl 3 solution has been reported by Li's group.
14 They demonstrated that the surface potential (work function) of the graphene film can be adjusted by as large as 0.5 eV. The maximum power conversion efficiency of the AuCl 3 doped graphene/planar silicon Schottky junction is less than 1%. Compared with their results, our HNO 3 doped G/SiPA shows a much greater value of J sc and cell efficiency. Moreover, it is much more convenient and cheaper to process with HNO 3 .
Figs. 3(a) and 3(b) show the application of our G/SiPA solar cell as a photodetector. One G/SiPA cell is connected with a signal amplifier circuit to drive the LCD screen whose transparency can be controlled by driving voltage. The lamp was employed as a light source with adjustable light intensity. When the light intensity is weak, the G/SiPA photodetector could not supply enough voltage to drive the LCD screen, so it is opaque, as shown in Fig. 3(a) . When gradually increasing the light intensity, the LCD screen turns transparent due to the enlargement of the output voltage of G/SiPA cell and the characters behind the screen are observable, as shown in Fig. 3(b) . This is attributed to the increase of the voltage generated by G/SiPA cells under increasing light intensity.
To conclude, anti-reflective SiPA substrate was introduced in graphene/silicon Schottky junction solar cells, showing energy conversion efficiencies of 1.96%. Chemical doping on graphene with HNO 3 is an effective method to improve the cell performance. After treated by HNO 3 , the energy conversion efficiency of G/SiPA Schottky solar cell increases to 3.55%. Our study demonstrates such graphenebased solar cells possess promising potential in energy harvesting and photo-sensitive applications. 
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